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MR imaging
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Background and purpose: It is crucial to evaluate the efficacy, recurrence, and

metastasis of liver tumors after clinical treatment. This study aimed to

investigate the value of Introvoxel Incoherent Motion (IVIM) imaging in the

evaluation of rabbit VX2 liver tumors treated with Transcatheter Arterial

Embolization (TAE) combined with apatinib.

Methods: Twenty rabbit VX2 liver tumor models were established and

randomly divided into either the experimental group (n=15) or the control

group (n=5). The experimental group was treated with TAE combined with oral

apatinib after successful tumor inoculation, while no treatment was

administered following inoculation in the control group. IVIM sequence scan

was performed in the experimental group before treatment, at 7 and 14 days

after treatment. All rabbits were sacrificed after the last scan of the

experimental group. Marginal tissues from the tumors of both groups were

excised for immunohistochemical analysis to observe and compare the

expression of microvessel density (MVD). The alterations of IVIM-related

parameters of tumor tissues in the experimental group, including Apparent

Diffusion Coefficient (ADC), True Diffusion Coefficient (D), Pseudodiffusion

Coefficient (D*), and Perfusion Fraction (f) were compared at different

periods, and the correlation between these parameters and MVDwas analyzed.

Results: After treatment, ADC and D values significantly increased, whereas D*

and f values both decreased, with statistically significant differences.(P<0.05).

The average tumor MVD of the experimental group after TAE combined with

apatinib ((33.750 ± 6.743) bars/high power field (HPF)) was significantly lower

than that in the control group ((64.200 ± 10.164) bars/HPF)). Moreover, D and f
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were positively correlated with tumor MVD in the experimental group (r=0.741

for D and r=0.668 for f, P<0.05). However, there was no significant correlation

between ADC and D* values of the experimental group and tumor MVD

(r=0.252 for ADC and r=0.198 for D*, P>0.05).

Conclusion: IVIM imaging can be employed to evaluate the efficacy of TAE

combined with apatinib in rabbit VX2 liver tumors. Alterations in D and f values

were closely related to the MVD of liver tumor tissues.
KEYWORDS

liver neoplasms, transcatheter arterial embolization, apatinib, angiogenesis,
intravoxel incoherent motion
Introduction

Primary hepatocellular carcinoma(HCC) is the sixth most

commonly diagnosed cancer and the third-leading cause of

cancer-related deaths worldwide. The incidence rate in China

is as high as 10-20 per 100,000 people, accounting for about 45%

of the global mortality rate (1, 2). Transcatheter arterial

chemoembolization (TACE) combined with oral sorafenib is

the standard treatment for patients with advanced liver cancers

that cannot be surgically resected (3). Apatinib is a novel small-

molecule anti-angiogenic targeted drug independently

developed in China, which can highly selectively inhibit

VEGFR-2 receptors with 10 times the binding affinity of

sorafenib. It can also inhibit multiple ATP binding sites, thus

having the advantage of efficiently reversing drug resistance. In

recent years, it has been widely used in the anti-angiogenesis of

tumors due to its benefits, such as low cost, good therapeutic

effect, and low drug resistance (4, 5).

Most patients with liver cancer need multiple sessions of

TAE, therefore, accurate and repeated postoperative evaluation

of the tumor focus is a key factor for the timely detection of

survival and recurrence of cancer (6, 7). Intravoxel incoherent

motion (IVIM) diffusion-weighted imaging (DWI) can

distinguish the diffusion of water molecules in tissue lesion

areas and microperfusion of the local capillary network, and

estimate the Apparent Diffusion Coefficient (ADC), True

Diffusion Coefficient (D), Pseudodiffusion Coefficient (D*) and

Perfusion Fraction (f), which can be used to quantitatively

distinguish surviving and necrotic tumor tissues at an early

stage by multiple parameters (8, 9). Herein, the expression of

microvessel density (MVD) of tumor tissues in treated and non-

treated groups were compared, and the changes of IVIM

imaging-related parameters before and after TAE combined

with apatinib treatment of VX2 liver tumors in rabbits were

analyzed to explore the relationship between IVIM imaging-
02
related parameters and the histopathological MVD, aiming to

assess the value of IVIM imaging in evaluating the therapeutic

effect of TAE combined with apatinib.
Methods

Materials

Twenty healthy and clean New Zealand white male rabbits,

weighing (3.00 ± 0.25) kg and aged 3 to 5 months, were provided

by The Animal Experiment Center of The Third Xiangya

Hospital of Central South University. Other materials included

Apatinib mesylate tablets (0.25g/tablet,Jiangsu Hengrui

Medicine Co., Ltd.,Liangyungang city,China), Iohexol Injection

(300 mg I/ml, GE Healthcare Shanghai Co.,Ltd.,Shanghai,

China), a complete dyeing system of CD34 antibody, 4-F

Cobra catheter, 3% Pentobarbital Sodium and related

interventional operation instruments, etc.
Rabbit VX2 liver tumors modeling

Tissues at the edge of the tumor from tumor-bearing rabbits

were sliced into 1-2 mm3 sections for implant. The rabbit VX2

liver tumor model was established by traditional laparotomy

(10). A 3 cm incision was made along the linea alba to expose the

left lobe of the liver under strict aseptic conditions. A small

incision of about 2 mm was made on the left lobe of the liver

with ophthalmic scissors, and the tumor subsequently was

implanted. Afterward, the incision was closed with a cotton

glue sponge, and the abdominal wall was routinely sutured. After

surgery, 200,000 units of penicillin were injected intramuscularly

for 3 days to prevent infection.
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Grouping and TAE process

Rabbits were divided into either the experimental group

(n=15) or the control group (n=5) using the random number

method. In the experimental group, TAE was performed 2 weeks

after inoculation: super-selective insertion into the tumor target

artery, 0.4 mg microspheres were injected to embolize the blood

vessel, and then transcatheter angiography was performed again

to determine tumor embolization. After surgery, penicillin was

intramuscularly injected for 3 days to prevent infection. The

apatinib suspension was prepared with normal saline. Within 24

hours after TAE, the experimental rabbits were orally fed

apatinib (50 mg/kg/d) for the first time with a self-made

syringe combined with a soft hose, then once a day for 2

consecutive weeks. For the control group, no treatment was

administered following inoculation.
IVIM scanning and image
post-processing

Axial T1-weighted, T2-weighted, and IVIM sequence scans

were performed by 3.0T MR (Ingenia, Philips Healthcare,

Netherlands) before TAE and on days 7 and 14 after TAE.

The rabbits were fasted for 12 hours on the examination day,

fixed supinely on the examination bed under general anesthesia,

and scanned with a human knee coil. A total of 12 b values (0, 10,

20, 30, 40, 50, 75, 100, 150, 300, 500, and 800) were selected for

IVIM-DWI scanning. Scan parameters: TE=55.8 ms, TR=1099

ms; FOV: AP/PL/FH: 300/179/171 mm; Matrix M×P: 100×58;

Thickness/spacing: 3.0/0 mm; ACQ Voxel MPS (mm): 3.00/

3.01/6.00; NSA = 1.

The Philips professional post-processing software was

utilized for the post-processing of images. The collected

DICOM image data were imported to generate IVIM

parameter images: ADC, D, D*, and f. Afterward, the Region

of Interest (ROI) was manually constructed according to T2WI

images and the obvious diffusion restricted areas on DWI

images. ROI was drawn as far as possible on the layer with the

largest and most apparent solid component in the lesion. Data

from the same lesion were measured three times, and the average

value was taken. Finally, the data were exported, and the

corresponding ADC, D, D*, and f pseudo-color images

were constructed.
Pathology and immunohistochemistry

Rabbits in the two groups were sacrificed after the last scan

of the experimental group. The whole liver was isolated, and the

location of the target tumor was determined. Then, the tumor
Frontiers in Oncology 03
and its surrounding tissues were dissected and dispatched to the

pathology department for paraffin embedding and sectioning. As

far as possible, sections of the same layer as the scanning layer

were selected for HE staining and CD34 immunohistochemical

staining, and MVD expression was observed and counted by

pathologists. The workflow of this study is listed in Figure 1.

Calculation of MVD: the brownish-yellow color in the

cytoplasm of CD34 immunohistochemical staining was

considered a positive expression, representing vascular cells.

The WEIDNER method was used for counting (11): Five

vascular regions with the highest density of staining were

randomly selected under low power (100 times) light

microscope, and the target regions were subsequently counted

under high power (400 times) light microscope. The average of

the 5 target regions selected was recorded as the MVD value

[bars/high power field(HPF)] of the case.
Statistical analysis

Statistical analyses were performed with statistical software

(SPSS, version 22.0). All numerical variables were expressed as

(x ± s). In contrast, the analysis of variance (ANOVA) was used

for multi-group comparison, and the t-test was used for

comparison of each two group of the same parameters.

Pearson correlation analysis was conducted on the correlation

of IVIM-related quantitative parameters ADC, D, D* and f with

MVD, and P<0.05 was considered statistically significant.
Results

Tumor inoculation and TAE results

A total of 20 rabbits were inoculated with the tumors.

During the two-week observation period, tumor-bearing

rabbits grew normal ly without infect ion or other

complications. Two weeks after inoculation, 20 cases were

confirmed to be successfully inoculated using the MR scan,

hence a success rate of 100%. The mean tumor diameter

measured on MR images was approximately (1.35 ± 0.21) cm.

In the experimental group, 15 tumor-bearing rabbits were

treated with TAE embolization by modified femoral artery

intubation, and the success rate was 100%. DSA images

displayed obvious nodules or clumps, with uneven staining at

the arterial stage, presenting the bulbous sign. After

embolization, the supplying artery of the tumor disappeared,

and the mass did not develop (Figure 2). However, one rabbit

died three days after surgery. It was observed that the dead rabbit

had a large area of gray infarct in the liver and intestinal

obstruction in the abdominal cavity.
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The tumor changes at 7d and 14d
after TAE

VX2 liver tumors showed a slightly low signal on T1WI,

slightly high signal on T2WI, significantly high signal on DWI,
Frontiers in Oncology 04
decreased signal on the ADC image, and unclear boundaries

with surrounding normal liver tissues. With TAE combined with

apatinib treatment, the tumor center was gradually necrotic, and

the D value of reacting water diffusion increased compared with

that before treatment. The mean tumor diameter measured on
FIGURE 2

(A) Hepatic artery angiography exhibited abundant tumor blood supply (dotted circle). (B) The catheter tip was super-selected to the tumor
supplying artery of the left hepatic artery (arrow). (C) The tumor-supplying artery disappeared after TAE.
FIGURE 1

The workflow of this study.
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MR images was approximately (1.48 ± 0.38) cm on day 7 after

treatment. On day 14, diffuse and limited tissues were still

visualized at the tumor margins on DWI images, suggesting

limited residual tumor tissues (Figure 3).
IVIM-related parameters of tumor
margins at 7 and 14d after TAE

The IVIM-related parameters of tumor margins in the

experimental group before treatment and on the 7th and 14th day

after treatment are presented (Table 1). On the whole, ADC and D

values increased,whileD* and f values decreased after treatment, and

the differences were statistically significant (P<0.05). In further

pairwise comparison of the same parameter before and after

treatment, there was only no statistical difference between f values

on the 7th and 14th day after treatment (Figure 4). Pseudo-color

images of IVIM-related parameters7days after TAE combined with

apatinib treatment were showed in Figure 5.
Histopathological results

The pathological tissues from the experimental group showed

that coagulative necrosis was present in the center of the tumor, a

fish-flesh appearance at the edge of the tumor (Figures 6A, B). The

positive expression representing vascular cells of the experimental

group (Figure 6C) were significantly reduced compared with the
Frontiers in Oncology 05
control group (Figure 6D). HE staining revealed extensive

coagulation necrosis in the center of the tumor and embolic

microspherules clustered in the vascular area (Figure 6E). The

mean MVD of the experimental group was (33.750 ± 6.743) bars/

HPF, while that of the control group was (64.200 ± 10.164) bars/

HPF, indicating that the expression of MVD was significantly

decreased after TAE combined with apatinib compared with that

of the control group (t=7.604, P < 0.01).

Correlation analysis of IVIM-related
parameters and MVD

Spearman correlation analyses revealed that IVIM-related

parameters D and f were positively correlated with tumor MVD

in the experimental group (r=0.741 for D and r=0.668 for f,

P<0.05). However, ADC and D* were not significantly correlated

with tumor MVD (r=0.252 for ADC and r=0.198 for D*, P>0.05)

(Table 2 and Figure 7).
Discussion

Since the introduction of diffusion-weighted imaging

(DWI), tremendous success has been achieved in the

quantitative study of the diffusion coefficient ADC, especially

in differentiating benign and malignant tumors and pathological

grades, such as hepatocellular carcinoma and breast cancer (12–

14). However, previous studies have shown that the ADC values
FIGURE 3

(A–D) T1WI, T2WI, DWI (b=500 s/mm2) and pseudo-color image of D before treatment, the green or black circle is the area where the tumor
was planted. (E–H) T1WI, T2WI, DWI (b=500 s/mm2) and pseudo-color image of D 7 days after treatment. (I–L) T1WI, T2WI, DWI (b=500 s/
mm2) and pseudo-color image of D 14 days after treatment. DWI, diffusion-weighted imaging; D, true diffusion coefficient.
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obtained by a simple exponential relationship on DWI

sequences could not distinguish water molecular diffusion

from blood perfusion (15, 16). In this study, the D value of

VX2 liver tumors was always lower than the ADC value, which

signaled that the ADC value included the component of blood

perfusion, which was consistent with the results reported by

Yoon JH et al (17). On the 7th day after embolization in the

experimental group, ADC and D values that can reflect the

diffusion of water molecules in tissues increased significantly,

while the D* and f values that can reflect the perfusion of blood

decreased significantly. This is because TAE can significantly

reduce the blood perfusion of tumor tissues by directly blocking

the main supplying vessels of the tumor. Besides, the

antivascular effect of apatinib reduces the generation of new

blood vessels and affects the perfusion of tumor tissues, thus

achieving a dual effect of inhibiting tumor growth (18, 19). This

result is consistent with several studies that determined that

postoperative perfusion volume of lesions in HCC patients
Frontiers in Oncology 06
treated with TAE decreased significantly compared with that

before surgery (20, 21).

In recent years, IVIM imaging technology has been widely

studied in the differential diagnosis of liver tumors, alternative

pathological grading and degree of cirrhosis (22, 23). IVIM

imaging is a non-invasive functional imaging method to

evaluate tumor angiogenic perfusion and diffusion of water

molecules in tumors. Therefore, IVIM imaging technology can

theoretically be used as an effective means to evaluate the efficacy

of TAE combined with anti-angiogenic therapy for VX2 liver

tumor. IVIM-related parameters D* and f both reflect the blood

perfusion of the capillary network. Consequently, the changing

trend of the two should be theoretically consistent. However, the

results of this study found that the f value was no longer

decreasing on the 14th day compared with the 7th day, while

D* continued to decline, showing inconsistent changes between

the two. Previous literature showed that f mainly reflects

capillary capacity, while D* is mainly determined by capillary
B

C D

A

FIGURE 4

Change trend of ADC(A), D(B), D*(C) and f(D) before and after treatment. ns represents P >0.05,*P < 0.05, ***P < 0.001, ****P < 0.0001.
TABLE 1 Comparison of IVIM-related parameters in the experimental group before and 7 and 14 days after TAE combined with apatinib
treatment (x ± s).

Time Numberof tumors ADC D D* f
(n) (×10−3 mm2/s) (×10−3mm2/s) (×10−3 mm2/s) (%)

before treatment 14 1.387 ± 0.243 1.188 ± 0.150 52.128 ± 14.792 32.366 ± 5.452

7 days after treatment 14 1.623 ± 0.273 1.377 ± 0.144 40.057 ± 12.072 25.543 ± 3.875

14 days after treatment 14 1.967 ± 0.295 1.629 ± 0.134 31.050 ± 8.206 27.449 ± 4.149

P <0.05 <0.05 <0.05 <0.05
f

ADC, apparent diffusion coefficient; D, true diffusion coefficient; D*, pseudodiffusion coefficient; f, perfusion fraction.
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blood flow velocity and length. Therefore, f and D* changes can

be inconsistent given that they reflect different aspects of blood

perfusion (24).It was also clarified that the formation of HCC is

mainly characterized by arterialization changes in blood supply,

that is, increased hepatic artery blood supply and increased new

vessels, which may affect the consistency of D* and f (25).

However, the main limitations of this study were that the time

window was short and the sample size was relatively small.

Whether the variation in f is consistent with the change in D*

remains to be further verified.

The function and state of microvessels in tumor tissues are

directly related to tumor growth, invasion, metastasis, and

prognosis (26). Therefore, it is necessary to clarify the

relationship between perfusion changes and tumor

angiogenesis on imaging. Currently, MVD remains the

histological gold standard for evaluating tumor angiogenesis.

In this study, the average MVD of the experimental group was

(33.750 ± 6.743) bars/HPF, while that of the control group was

(64.200 ± 10.164) bars/HPF, indicating that the expression of

MVD in the experimental group was significantly lower than

that in the control group. TAE combined with apatinib can

inhibit tumor formation by directly blocking the main supplying

vessels of the tumor and inhibiting tumor angiogenesis, which is

consistent with the results of other studies that inhibition of
Frontiers in Oncology 07
vascular endothelial growth factor (VEGF) expression can

promote tumor cell apoptosis and cell necrosis (27).

This study found that the IVIM-related parameters D and f

were positively correlated with tumor MVD (r=0.741 for D and

r=0.668 for f, P<0.05). However, ADC and D* had no significant

correlation with tumor MVD (r=0.252 for ADC and r=0.198 for

D*, P>0.05). As mentioned above, ADC includes water

molecular diffusion of tissues and vascular microcirculation

perfusion of the capillary network, so ADC may not be the

most accurate biomarker for the pathophysiological behavior of

tissues. In addition, D represents the diffusion of pure water

molecules in the voxel. There should theoretically be no

correlation between D and MVD. Still, our results found that

D was correlated with MVD, which may be related to the

following reasons: Firstly, VX2 tumor is rich in immature

neovascularization with high permeability and extensive

abnormal pathways; Secondly, the region of MVD calculation

was selected in the most apparent area of angiogenesis.

Therefore, due to the unique characteristics of neovascularization

in liver tumor cells, D, representing the diffusion of water molecules,

showed a certain correlation with MVD. ADC is generally

considered a combination of true molecular diffusion and

microcirculation perfusion effect and therefore did not correlate

with MVD.
FIGURE 5

Pseudo-color images of IVIM-related parameters 7 days after TAE combined with apatinib treatment. The tumor showed a significantly high
signal on raw DWI images (A), post-processed DWI images (B). In pseudo-color images of ADC (C), pseudo-color images of D (D), pseudo-
color images of D* (E), and pseudo-color images of f (F), the grey shaded areas were limited diffusion areas and ROI areas of the tumor.
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D* is a parameter of microcirculation perfusion, and both

this study and previous ones have established that the D* value

was significantly higher than the D value (28). Herein, we also

found no significant correlation between D* andMVD(r= 0.198).

Therefore, we postulate that D* is not a valuable parameter to

reflect the microcirculation perfusion of tumor tissues. However,

this result is contrary to the results reported by Gulbay M et al.

that D * is statistically correlated with MVD (r= 0.415) (29). The

reasons may be related to the following factors: Firstly, D* has

poor repeatability; Secondly, the liver is a double blood supply

organ with complex microcirculation perfusion characteristics;

Thirdly, a large number of immature neovascularization have high

permeability and extensive abnormal pathways in VX2 liver

tumors. Therefore, the role of D* in the evaluation of

microcirculation perfusion needs to be further studied and

validated. f is the perfusion fraction of the microvascular

network, representing the volume ratio of perfusion effect

caused by microcirculation in the voxel to the total diffusion

effect. In this study, it was noted that f was correlated with MVD
Frontiers in Oncology 08
(r=0.668, P=0.009), which is consistent with the conclusions of

several studies (30, 31). It is documented that f is a surrogate

indicator of blood volume, and the vascular distribution of tumors

affects the value of f (32). However, from the results of this study, f

can be used to quantitatively evaluate the angiogenesis of tumor

tissues, and thus may be used to evaluate the early efficacy of TAE

combined with targeted drugs in the treatment of liver tumors.
TABLE 2 The correlation between IVIM-related parameters and MVD
in the experimental group after 14 days of TAE combined with
apatinib treatment.

IVIM relatedparameters MVD(bars/HPF)

r P

ADC 0.252 0.384

D 0.741 0.002

D* 0.198 0.499

f 0.668 0.009
front
FIGURE 6

CD34 immunohistochemical staining and HE staining of the experimental and control groups. (A) pathological tissues from the experimental group.
(B) coagulative necrosis was present in the center of the tumor, a fish-flesh appearance at the edge of the tumor. (C) CD34 immunohistochemical
staining of the experimental group showed a few scattered brownish-yellow cells(400 times). (D) CD34 immunohistochemical staining of the control
group still exhibited a large number of brownish-yellow cells(400 times). (E) the necrotic area (N) and embolization of microspheres in blood vessels
(arrow) can be visualized by HE staining of the experimental group(100 times).
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There are certain limitations to this study. First, the sample

size of experimental animals was relatively small. Secondly,

histopathological analyses were performed manually, which

may be biased. Thirdly, our study only focused on the tumor

angiogenesis without evaluating the changes of tumor size after

treatment, which may also be an important indicator reflecting

the efficacy of treatment. Finally, this study was limited to the

animal model, so it cannot be considered to have identical effects

as human liver experiments.

Conclusion
To conclude, our study showed that IVIM imaging is a non-

invasive and effective examination for quantitative analyses of

the microscopic pathophysiological status of tumors. IVIM-

related parameters D and f may be used to evaluate the

efficacy of TAE combined with apatinib in the treatment of

rabbit VX2 liver tumors so as to provide vital information for the

later clinical diagnosis and treatment of liver tumors.
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FIGURE 7

Pearson correlation between MVD and ADC (A), D(B), D*(C) and f (D). MVD, microvessel density.
frontiersin.org

https://doi.org/10.3389/fonc.2022.951587
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Chen et al. 10.3389/fonc.2022.951587
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Oncology 10
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al.
Cancer incidence and mortality worldwide: Sources, methods and major patterns
in globocan 2012. Int J Cancer (2015) 136(5):E359–86. doi: 10.1002/ijc.29210

2. Mittal S, El-Serag HB. Epidemiology of hepatocellular carcinoma: Consider
the population. J Clin Gastroenterol (2013) 47 Suppl(0):S2–6. doi: 10.1097/
MCG.0b013e3182872f29

3. European Association For The Study Of The Liver, European Organisation
For Research And Treatment Of Cancer. Easl-eortc clinical practice guidelines:
Management of hepatocellular carcinoma. J Hepatol (2012) 56(4):908–43.
doi: 10.1016/j.jhep.2011.12.001

4. Langer CJ, Mok T, Postmus PE. Targeted agents in the third-/Fourth-Line
treatment of patients with advanced (Stage Iii/Iv) non-small cell lung cancer
(Nsclc). Cancer Treat Rev (2013) 39(3):252–60. doi: 10.1016/j.ctrv.2012.05.003

5. Mi YJ, Liang YJ, Huang HB, Zhao HY, Wu CP, Wang F, et al. Apatinib
(Yn968d1) reverses multidrug resistance by inhibiting the efflux function of
multiple atp-binding cassette transporters. Cancer Res (2010) 70(20):7981–91.
doi: 10.1158/0008-5472.Can-10-0111

6. Shao L, Wang X, Yu Y, Xie J. Comparative analysis of the efficacy and
accuracy of magnetic resonance imaging (Mri) and contrast-enhanced ct for
residual and new lesions after transcatheter arterial chemoembolization (Tace) in
patients with primary liver cancer. Transl Cancer Res (2021) 10(8):3739–47.
doi: 10.21037/tcr-21-831

7. Zhang J, Peng H, Wang B, Luo L, Cheng Y, He G, et al. Efficacy of
postoperative adjuvant transcatheter arterial chemoembolization in
hepatocellular carcinoma patients with mesenchymal circulating tumor cell.
J Gastrointest Surg (2021) 25(7):1770–8. doi: 10.1007/s11605-020-04755-8

8. Luo J, Zhou K, Zhang B, Luo N, Bian J. Intravoxel incoherent motion
diffusion-weighted imaging for evaluation of the cell density and angiogenesis of
cirrhosis-related nodules in an experimental rat model: Comparison and
correlation with dynamic contrast-enhanced mri. J Magn Reson Imaging (2020)
51(3):812–23. doi: 10.1002/jmri.26845

9. He N, Li Z, Li X, Dai W, Peng C, Wu Y, et al. Intravoxel incoherent motion
diffusion-weighted imaging used to detect prostate cancer and stratify tumor grade:
A meta-analysis. Front Oncol (2020) 10:1623. doi: 10.3389/fonc.2020.01623

10. VirmaniS,HarrisKR,Szolc-KowalskaB,PauneskuT,WoloschakGE,LeeFT,etal.
Comparisonof twodifferentmethods for inoculatingVx2 tumors in rabbit livers andhind
limbs. J Vasc Interv Radiol (2008) 19(6):931–6. doi: 10.1016/j.jvir.2008.02.019

11. Weidner N, Folkman J, Pozza F, Bevilacqua P, Allred EN, Moore DH, et al.
Tumor angiogenesis: A new significant and independent prognostic indicator in
early-stage breast carcinoma. J Natl Cancer Inst (1992) 84(24):1875–87.
doi: 10.1093/jnci/84.24.1875

12. Gluskin JS, Chegai F, Monti S, Squillaci E, Mannelli L. Hepatocellular
carcinoma and diffusion-weighted mri: Detection and evaluation of treatment
response. J Cancer (2016) 7(11):1565–70. doi: 10.7150/jca.14582

13. Inchingolo R, De Gaetano AM, Curione D, Ciresa M, Miele L, Pompili M,
et al. Role of diffusion-weighted imaging, apparent diffusion coefficient and
correlation with hepatobiliary phase findings in the differentiation of
hepatocellular carcinoma from dysplastic nodules in cirrhotic liver. Eur Radiol
(2015) 25(4):1087–96. doi: 10.1007/s00330-014-3500-7

14. Shin HJ, Park JY, Shin KC, KimHH, Cha JH, Chae EY, et al. Characterization of
tumor and adjacent peritumoral stroma in patients with breast cancer using high-
resolution diffusion-weighted imaging: Correlation with pathologic biomarkers. Eur J
Radiol (2016) 85(5):1004–11. doi: 10.1016/j.ejrad.2016.02.017

15. Liu C, Liang C, Liu Z, Zhang S, Huang B. Intravoxel incoherent motion
(Ivim) in evaluation of breast lesions: Comparison with conventional dwi. Eur J
Radiol (2013) 82(12):e782–9. doi: 10.1016/j.ejrad.2013.08.006

16. Wagner M, Doblas S, Daire JL, Paradis V, Haddad N, Leitão H, et al.
Diffusion-weighted Mr imaging for the regional characterization of liver tumors.
Radiology (2012) 264(2):464–72. doi: 10.1148/radiol.12111530
17. Yoon JH, Lee JM, Yu MH, Kiefer B, Han JK, Choi BI. Evaluation of hepatic
focal lesions using diffusion-weighted Mr imaging: Comparison of apparent
diffusion coefficient and intravoxel incoherent motion-derived parameters.
J Magn Reson Imaging (2014) 39(2):276–85. doi: 10.1002/jmri.24158

18. Liu K, Ren T, Huang Y, Sun K, Bao X, Wang S, et al. Apatinib promotes
autophagy and apoptosis through Vegfr2/Stat3/Bcl-2 signaling in osteosarcoma.
Cell Death Dis (2017) 8(8):e3015. doi: 10.1038/cddis.2017.422

19. Peng S, Zhang Y, Peng H, Ke Z, Xu L, Su T, et al. Intracellular autocrine vegf
signaling promotes ebdc cell proliferation, which can be inhibited by apatinib.
Cancer Lett (2016) 373(2):193–202. doi: 10.1016/j.canlet.2016.01.015

20. Yang L, Zhang XM, Tan BX, Liu M, Dong GL, Zhai ZH. Computed
tomographic perfus ion imaging for the therapeut ic response of
chemoembolization for hepatocellular carcinoma. J Comput Assist Tomogr
(2012) 36(2):226–30. doi: 10.1097/RCT.0b013e318245c23c

21. Yin XB, Wu LQ, Fu HQ, Huang MW, Wang K, Zhou F, et al. Inhibitory
effect of humanized anti-Vegfr-2 scfv-As2o3-Stealth nanoparticles conjugate on
growth of human hepatocellular carcinoma: In vitro and in vivo studies. Asian Pac J
Trop Med (2014) 7(5):337–43. doi: 10.1016/s1995-7645(14)60052-3

22. Sokmen BK, Sabet S, Oz A, Server S, Namal E, Dayangac M, et al. Value of
intravoxel incoherent motion for hepatocellular carcinoma grading. Transplant
Proc (2019) 51(6):1861–6. doi: 10.1016/j.transproceed.2019.02.027

23. Le Bihan D, Ichikawa S, Motosugi U. Diffusion and intravoxel incoherent
motion Mr imaging-based virtual elastography: A hypothesis-generating study in
the liver. Radiology (2017) 285(2):609–19. doi: 10.1148/radiol.2017170025

24. Le Bihan D, Turner R. The capillary network: A link between ivim and
classical perfusion. Magn Reson Med (1992) 27(1):171–8. doi: 10.1002/
mrm.1910270116

25. Parente DB, Perez RM, Eiras-Araujo A, Oliveira Neto JA, Marchiori E,
Constantino CP, et al. Mr Imaging of hypervascular lesions in the cirrhotic liver: A
diagnostic dilemma. Radiographics (2012) 32(3):767–87. doi: 10.1148/
rg.323115131

26. Yoneda N, Matsui O, Kobayashi S, Kitao A, Kozaka K, Inoue D, et al.
Current status of imaging biomarkers predicting the biological nature of
hepatocellular carcinoma. Jpn J Radiol (2019) 37(3):191–208. doi: 10.1007/
s11604-019-00817-3

27. Zou Y, Guo CG, Zhang MM. Inhibition of human hepatocellular carcinoma
tumor angiogenesis by sirna silencing of vegf Via hepatic artery perfusion. Eur Rev
Med Pharmacol Sci (2015) 19(24):4751–61.

28. Joo I, Lee JM, Han JK, Choi BI. Intravoxel incoherent motion diffusion-
weighted Mr imaging for monitoring the therapeutic efficacy of the vascular
disrupting agent ckd-516 in rabbit Vx2 liver tumors. Radiology (2014) 272
(2):417–26. doi: 10.1148/radiol.14131165

29. Gulbay M, Ciliz DS, Celikbas AK, Ocalan DT, Sayin B, Ozbay BO, et al.
Intravoxel incoherent motion parameters in the evaluation of chronic hepatitis b
virus-induced hepatic injury: Fibrosis and capillarity changes. Abdom Radiol (NY)
(2020) 45(8):2345–57. doi: 10.1007/s00261-020-02430-9

30. Klau M, Mayer P, Bergmann F, Maier-Hein K, Hase J, Hackert T, et al.
Correlation of histological vessel characteristics and diffusion-weighted imaging
intravoxel incoherent motion-derived parameters in pancreatic ductal
adenocarcinomas and pancreatic neuroendocrine tumors. Invest Radiol (2015)
50(11):792–7. doi: 10.1097/rli.0000000000000187

31. Lee HJ, Rha SY, Chung YE, Shim HS, Kim YJ, Hur J, et al. Tumor perfusion-
related parameter of diffusion-weighted magnetic resonance imaging: Correlation
with histological microvessel density. Magn Reson Med (2014) 71(4):1554–8.
doi: 10.1002/mrm.24810

32. Wu H, Liu H, Liang C, Zhang S, Liu Z, Liu C, et al. Diffusion-weighted
multiparametric mri for monitoring longitudinal changes of parameters in rabbit
Vx2 liver tumors. J Magn Reson Imaging (2016) 44(3):707–14. doi: 10.1002/
jmri.25179
frontiersin.org

https://doi.org/10.1002/ijc.29210
https://doi.org/10.1097/MCG.0b013e3182872f29
https://doi.org/10.1097/MCG.0b013e3182872f29
https://doi.org/10.1016/j.jhep.2011.12.001
https://doi.org/10.1016/j.ctrv.2012.05.003
https://doi.org/10.1158/0008-5472.Can-10-0111
https://doi.org/10.21037/tcr-21-831
https://doi.org/10.1007/s11605-020-04755-8
https://doi.org/10.1002/jmri.26845
https://doi.org/10.3389/fonc.2020.01623
https://doi.org/10.1016/j.jvir.2008.02.019
https://doi.org/10.1093/jnci/84.24.1875
https://doi.org/10.7150/jca.14582
https://doi.org/10.1007/s00330-014-3500-7
https://doi.org/10.1016/j.ejrad.2016.02.017
https://doi.org/10.1016/j.ejrad.2013.08.006
https://doi.org/10.1148/radiol.12111530
https://doi.org/10.1002/jmri.24158
https://doi.org/10.1038/cddis.2017.422
https://doi.org/10.1016/j.canlet.2016.01.015
https://doi.org/10.1097/RCT.0b013e318245c23c
https://doi.org/10.1016/s1995-7645(14)60052-3
https://doi.org/10.1016/j.transproceed.2019.02.027
https://doi.org/10.1148/radiol.2017170025
https://doi.org/10.1002/mrm.1910270116
https://doi.org/10.1002/mrm.1910270116
https://doi.org/10.1148/rg.323115131
https://doi.org/10.1148/rg.323115131
https://doi.org/10.1007/s11604-019-00817-3
https://doi.org/10.1007/s11604-019-00817-3
https://doi.org/10.1148/radiol.14131165
https://doi.org/10.1007/s00261-020-02430-9
https://doi.org/10.1097/rli.0000000000000187
https://doi.org/10.1002/mrm.24810
https://doi.org/10.1002/jmri.25179
https://doi.org/10.1002/jmri.25179
https://doi.org/10.3389/fonc.2022.951587
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Evaluation of the efficacy of transcatheter arterial embolization combined with apatinib on rabbit VX2 liver tumors by intravoxel incoherent motion diffusion-weighted MR imaging
	Introduction
	Methods
	Materials
	Rabbit VX2 liver tumors modeling
	Grouping and TAE process
	IVIM scanning and image post-processing
	Pathology and immunohistochemistry
	Statistical analysis

	Results
	Tumor inoculation and TAE results
	The tumor changes at 7d and 14d after TAE
	IVIM-related parameters of tumor margins at 7 and 14d after TAE
	Histopathological results
	Correlation analysis of IVIM-related parameters and MVD

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


